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Department of Pharmaceutical Sciences, University of Nebraska Medical Center, Omaha, NebraskaABSTRACT The Holliday junction (HJ), or four-way junction, is a central intermediate state of DNA for homologous genetic
recombination and other genetic processes such as replication and repair. Branch migration is the process by which the
exchange of homologous DNA regions occurs, and it can be spontaneous or driven by proteins. Unfolding of the HJ is required
for branch migration. Our previous single-molecule fluorescence studies led to a model according to which branch migration is
a stepwise process consisting of consecutive migration and folding steps. Folding of the HJ in one of the folded conformations
terminates the branch migration phase. At the same time, in the unfolded state HJ rapidly migrates over entire homology region
of the HJ in one hop. This process can be affected by irregularities in the DNA double helical structure, so mismatches almost
terminate a spontaneous branch migration. Single-stranded breaks or nicks are the most ubiquitous defects in the DNA helix;
however, to date, their effect on the HJ branch migration has not been studied. In addition, although nicked HJs are specific
substrates for a number of enzymes involved in DNA recombination and repair, the role of this substrate specificity remains
unclear. Our main goal in this work was to study the effect of nicks on the efficiency of HJ branch migration and the dynamics
of the HJ. To accomplish this goal, we applied two single-molecule methods: atomic force microscopy and fluorescence
resonance energy transfer. The atomic force microscopy data show that the nick does not prevent branch migration, but it
does decrease the probability that the HJ will pass the DNA lesion. The single-molecule fluorescence resonance energy transfer
approaches were instrumental in detailing the effects of nicks. These studies reveal a dramatic change of the HJ dynamics. The
nick changes the structure and conformational dynamics of the junctions, leading to conformations with geometries that are
different from those for the intact HJ. On the basis of these data, we propose a model of branch migration in which the propensity
of the junction to unfold decreases the lifetimes of folded states, thereby increasing the frequency of junction fluctuations
between the folded states.INTRODUCTIONThe Holliday junction (HJ), or four-way junction, is a
branched DNA structure of enormous biological signifi-
cance.AlthoughRobinHolliday first introduced the structure
to explain the mechanism of homologous and site-specific
genetic recombination (1,2), subsequent works have found
the four-way arrangement of DNA to be critically involved
in DNA replication (3,4) and DNA repair (5). Branch migra-
tion is the mechanism by which the HJ accomplishes its
major function: strand exchange. TheHJ is a dynamic system
that adopts folded and unfolded conformations, and in the
presence of divalent cations the folded conformations are
preferable (6,7). Earlier studies of the kinetics of branch
migration (8,9) showed that an unfolded, square planar
conformation of the HJ is required for branch migration,
and our single-molecule atomic force microscopy (AFM)
studies proved this directly (10). Our previous single-
molecule fluorescence resonance energy transfer (smFRET)
study ofHJ (11) revealed a stepwise pattern for branchmigra-
tion in which fast steps of branch migration per se appeared
on the time trajectories as hops accompanied by pausesSubmitted March 5, 2010, and accepted for publication July 13, 2010.
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0006-3495/10/09/1916/9 $2.00during which the junction resided for relatively long periods
of time. Compared with this pause, the branch migration
phase is fast (~100 ms per hop). The availability of FRET
data for a set of HJs with different donor-acceptor distances
allowed us to refine the models of immobile HJs (12). The
composite data fit a partially opened, side-by-side model
with adjacent double-helical arms slightly kinked at the
four-way junction, and the junction as awhole adopts a global
X-shaped form that mimics the coaxially stacked-X structure
implicated in previous solution studies.
To date, only fully paired HJs have been studied.
However, various defects can occur spontaneously, and
breaks in DNA strands, i.e., single-stranded breaks (SSBs)
or nicks, are the most frequent DNA lesions. They can arise
as a result of ionizing radiation (13) or as errors of various
genetic processes, including replication and recombination
(2,4,7,14,16–19). Note that nicks occur three orders of
magnitude more frequently than double-stranded breaks
(13). The appearance of a nick in the duplex can influence
the HJ branch migration, but this effect has not been studied
so far. In addition, nicked (rather than intact) HJs are the
preferred targets of specific enzymes during repair of stalled
replication forks (18,19) and meiotic recombination in
fission yeast (20). The exact molecular mechanism behind
the preference for nicked HJ substrates remains unknown,
although one can hypothesize that SSBs change the HJdoi: 10.1016/j.bpj.2010.07.011
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FIGURE 1 Schematics for assembly of the HJ construct for AFM
experiments. (a) Components for the construct. Vertical double-lined bars
correspond to the 20 bp nonhomologous sections of synthetic duplexes.
(b) Hemijunctions L and R were obtained by ligation of synthetic central
duplexes with a HindIII-digested 318 bp DNA fragment. Phosphorylation
of one oligonucleotide was omitted to obtain HJ with SSB in one arm at
the position 47 bp from the end of the short arm (27 bp from the initial
Holliday Junctions with Nicks 1917structure recognized by the enzymes. A number of impor-
tant questions arise: What is the nature of the changes
induced by the nicks? Do they facilitate the junction
dynamics? What is the effect of the nick on branch migra-
tion? Does the migration stall at the nick? In this work,
we sought to address these questions by examining the
effects of SSBs on the structure and dynamics of the HJ
and branch migration.
To that end, we employed two single-molecule tech-
niques as in our previous studies: AFM imaging (10) and
smFRET (11,21). The AFM analysis of the appropriately
designed nicked HJ showed that the junction is capable of
migrating through the nick, although an obstacle for sponta-
neous branch migration exists. Using smFRET and HJs that
were capable of branch migration and contained an SSB in
the middle of the homologous region, we demonstrated that
a nick does not block migration; rather, it changes the
pattern of branch migration. The smFRET study of a set
of immobile HJs with SSBs at different distances from the
vertex showed that a nick changes the HJ structure. The
effect depends on the distance of the nick from the HJ vertex
when the effect of the nick is maximal. A model for branch
migration of HJs with a nick is proposed.position of the branching point), indicated by an asterisk. (c) The two
hemijunctions were annealed in TNM buffer to form the HJ.MATERIALS AND METHODS
Design of mobile HJs for AFM studies
We obtained HJs with SSBs by using a previously described approach (10),
as shown schematically in Fig. 1. Briefly, four synthetic oligonucleotides
were annealed in pairs (1þ2 and 3þ4) to form the hemijunctions with
a Hind III cohesive end. The four oligonucleotides were as follows:
1. 50- ACCATGCTGGAGATTACGAG ACCTCGATAGCTGCTGAGAG
TCA -30;
2. 50-AGCTTGACTCTCAGCAGCTATCGAGGT AGTACGTGAGTCTC
AGCATC-30;
3. 50-GATGCTGAGACTCACGTACT ACCTCGATAGCTGCTGAGAGT
CA-30;
4. 50-AGCTTGACTCTCAGCAGCTATCGAGGT CTCGTAATCTCCAG
CATGGT-30
A linear DNA duplex (316 basepairs (bp)) was purified after Hind III
(New England Biolabs, Ipswich, MA) digestion of a polymerase chain
reaction fragment, which was generated using the primers for positions
86–106 and 613–632 of plasmid pUC18. To obtain HJ samples (Fig. 1 a),
the synthetic oligonucleotides were treated with polynucleotide kinase (NE
Biolabs) and annealed (1þ2 and 3þ4), and the left and right arms were
ligated separately with the 318 bp Hind III fragment to yield hemijunctions
L and R (Fig. 1 b). To obtain mobile HJs with SSBs, one of the oligonucle-
otides (oligonucleotide 3) was not phosphorylated. The constructs were
assembled as described above. The hemijunctions were purified from
1.5% agarose gel with a QIAquick gel extraction kit (Qiagen Inc., Valencia,
CA). Equimolar amounts of hemijunctions L and R (20–30 ng) were mixed
in 5 mL of TNM buffer (10 mM Tris-HCl, pH 7.9/50 mM NaCl/10 mM
MgCl2). The mixture was incubated for 2–5 min at 50
C to perform the
annealing step (Fig. 1 c). The reaction was stopped by adding 5 mL of
ice-cold TNM buffer containing 1 mg/mL ethidium bromide. Electropho-
resis in 1.2% agarose was performed at 4C in TAE buffer containing
10 mM MgCl2. The slow-migrating HJ band corresponding to the DNA
fragment (~600 bp) was excised from the gel and purified by filtration onan UltraFree UFC3 0HVcolumn (Millipore, Billerica, MA) at 4C. The
filtrate was immediately used for deposition on APS mica.AFM procedures
Mica functionalized with aminopropyl silatrane (APS-mica) was used as
an AFM substrate as described previously (22). Briefly, DNA samples
(3–5 mL) were placed onto APS-mica for 2 min, and the mica was rinsed
with deionized water and dried with argon. Images were acquired in air
using a MultiMode SPMNanoScope III system (Veeco/Digital Instruments,
Santa Barbara, CA) operating in tapping mode using OTESPA probes
(Digital Instruments). The measurements were performed using Femtoscan
software (Advanced Technologies Center, Moscow, Russia).HJ designs for smFRET
All HJs, mobile and immobile, were assembled from synthetic oligonucle-
otides (IDT, Coralville, IA) as shown in Fig. 2. Mobile HJs of each design
were assembled in two versions: intact (fully paired) and having an SSB in
the middle of an exchangeable sequence. Immobile HJs were assembled in
five versions: 1), intact; 2), having an SSB at the branch point; and shifted
from it by 3), one; 4), two; and 5), three basepairs. The sites of all SSBs are
indicated by arrows in the respective diagrams in Fig. 2.
Oligonucleotides 3 and 4 in mobile designs, and 2 and 4 in immobile
designs were labeled with succinimide esters of Cy3 and Cy5 dyes (GE
Healthcare, Little Chalfort, UK), respectively, according to the protocol
provided by the company. Labeled oligonucleotides were purified by
reverse-phase high-performance liquid chromatography, and four-way
junctions were assembled according to a previously described annealing
protocol (11). The yield of the annealing reaction determined by gel elec-
trophoresis was ~80–90%. SSBs were created by taking two separate parts
of corresponding sequences rather than the single oligonucleotide 1. One of
these parts was phosphorylated on its 50 end. The second short piece ofBiophysical Journal 99(6) 1916–1924
FIGURE 2 Schematics of the HJ designs used for the smFRET experi-
ments. Mobile HJs were nicked at the branch point and labeled with fluo-
rescent dyes on the opposite arms. The homology region is shown in
boldface. In addition to an intact version, the immobile HJs had four nicked
versions with SSBs at different distances from the branch point (respective
sites shown with arrows) and were labeled on the perpendicular arms.
1918 Palets et al.oligo 1 was added at the second annealing step with some excess of concen-
tration. The sequences of the oligonucleotides were as follows:Oligonucleotides for mobile HJs
ATATA design
1. biotin-50-TCTTTTGATAAGCTTGCAAAGGAGTATATCTCGTAATT
TCCGGTTAGGT
2. 50-ACCTAACCGGAAATTACGAGATATAGATGCATGCAAGCTTC
ACA
3. 50-TGTGAAGCTTGCA/iAmMC6T/GCATCTATATAATACGTGAGG
CCTAGGATC
4. 50-GATCCTAGGCCTCACGTATTATATACTCCT/iAmMC6T/TGCAA
GCTTATCA
GCGCG design
1. biotin-50-TCTTTTGATAAGCTTGCAAAGGAGCGCGCCTCGTAAT
TTCCGGTTAGGT
2. 50-ACCTAACCGGAAATTACGAGGCGCGGATGCATGCAAGCTTC
ACA
3. 50-TGTGAAGCTTGCA/iAmMC6T/GCATCCGCGCAATACGTGAG
GCCTAGGATC
4. 50-GATCCTAGGCCTCACGTATTGCGCGCTCCT/iAmMC6T/TGCA
AGCTTATCABiophysical Journal 99(6) 1916–1924Oligonucleotides for immobile HJs
1. biotin-50-TCTTTTGATAAGCTTGCAAAGGAGATATTCTCGTAATT
TCCGGTTAGGT
2. 50-ACCTAACCGGAAA/iAmMC6T/TACGAGAAATAGATGCATGCA
AGCTTCACA
3. 50-TGTGAAGCTTGCATGCATCTATAAAATACGTGAGGCCTAGGATC
4. 50-GATCCTAGGCCTCACGTATTTTTATCTCCT/iAmMC6T/TGCAA
GCTTATCAExperimental setup and calculation
of FRET efficiency
The original time trajectories of fluorescence intensity were acquired as
described previously using the same confocal setup (11,12,21,23). A thor-
oughly cleaned sample cell formed by a sandwiched glass slide, Teflon
spacer ring, and quartz coverslip was filled with 1 mg/mL biotinylated
BSA (Sigma, St. Louis, MO) solution in pH 7.5 TES buffer (10 mM
Tris-HCl, 150 mM NaCl, 1 mM EDTA) for 10 min, rinsed three times
with the same TES buffer, then filled with 0.2 mg/mL solution of streptavi-
din (Sigma) in the same buffer for 10 min, and again rinsed three times with
TES buffer. A 25 pM solution of biotinylated HJs in TES buffer was added
and incubated for 10 min. Measurements were performed in imaging buffer
containing 10 mM Tris-HCl (pH 7.5–7.8), 0.4% (w/v) glucose, an oxygen-
scavenging mixture of glucose oxidase (3430 U/100 mL; Sigma-Aldrich)
and catalase (52,000 U/100 mL; Sigma-Aldrich/Fluka), and 1.5–2 mM
Trolox (Sigma-Aldrich) as a free-radicals quencher (24). Also, the imaging
buffer contained varying amounts of MgCl2 according to the desired exper-
imental conditions. To make up for the pH drop caused by the reaction
between glucose and glucose oxidase that leads to formation of gluconic
acid, the imaging buffer was exchanged for freshly prepared buffer every
20–25 min in the course of the experiment. As an additional deoxidizing
measure, the sample cell was placed under constant flow of argon.
Data acquisition and preliminary analysis were performed using Time-
Harp 200 PCI-board and SymPhoTime software (PicoQuant GmbH, Berlin,
Germany). The apparent FRET efficiencies were calculated as E ¼ IA/
(ID þ IA). The fluorescence intensities of donor (ID) and acceptor (IA)
were obtained by subtracting background counts from the raw intensities
and correcting for cross-talk between the two detection channels, in simi-
larity to the method described by Ha (25). The positions of the FRET
plateaus associated with folded states of mobile HJs were determined using
an averaging algorithm as previously described in detail (11,21). Briefly, the
algorithm compared FRETefficiencies E1 and E2 in two adjacent 6 ms time
bins, and the HJs were considered to stay in the same migration state if their
absolute difference did not exceed 0.12 (two standard deviation values of
background fluorescence intensity fluctuations). The mean-plateau effi-
ciency was then calculated as E ¼ ðE1 þ E2Þ=2, and the plateau was
considered continuing to the third time bin if jE3  Ej < 0:12. The proce-
dure was repeated so that the FRET efficiency at each subsequent bin was
compared by absolute value with the mean E of previously processed time
bins belonging to the same plateau. If at some step this difference exceeded
0.12, the algorithm calculated the mean efficiency for the plateau and its
duration, and restarted the search for a new plateau in the same way. Subse-
quently, FRET efficiency plateaus were reevaluated in donor-to-acceptor
distances measured in basepairs, using a calibration curve experimentally
obtained in a previous work (21) by means of immobile HJs with different
dye-to-dye distances.RESULTS
AFM study of branch migration of HJs with SSBs
The schematics in Fig. 1 explain the procedure for the
assembly of the HJ samples. (The FRET experiments
FIGURE 3 AFM images of HJs (a) with and (b) without SSBs.
Holliday Junctions with Nicks 1919strategy is illustrated in Fig. 2).The junction was assembled
from synthetic oligonucleotides that were ligated to a linear
318 bp DNA fragment to obtain left (L) and right (R) hemi-
junctions (Fig. 1 b). Annealing of these constructs via the
single-stranded ends yields the HJ construct (Fig. 1 c) in
which the entire molecule, except for the terminal part
of the synthetic duplexes (vertical lines), is homologous,
allowing for a spontaneous branch migration. HJs with
SSBs were obtained by the use of a nonphosphorylated
oligonucleotide 3; the missing phosphate group prevents
the ligation at the 47th position of the HJ construct. The
annealing was performed in Mg2þ-containing TNM buffer
to decelerate the branch migration kinetics (8,11,26). The
same conditions were used for the gel purification of the
HJ sample from linear DNA molecules. With this design,
a nonhomologous 20 bp region terminates a spontaneous
branch migration into this short terminal region, preventing
the dissociation of the HJ (vertical lines in Fig. 1 c). There-
fore, if an SSB at the 47th position blocks branch migration,
the junctions assembled as shown in Fig. 1 will undergo
branch migration between the 20th and 43rd positions,
which corresponds to the lengths of the long arms between
315 bp and 345 bp. The appearance of HJs with arm lengths
shorter than 315 bp would indicate the possibility of migra-
tion through the SSB. AFM imaging is capable of detecting
this effect. The samples were incubated for a few minutes at
50C to accelerate the migration kinetics.
Fig. 3 shows the AFM images of both HJ samples sorted
according to the types of HJs. Images of HJs with SSBs are
assembled in Fig. 3 a. Molecules with long linear arms and
other pairs of arms that are too short to visualize separately
and appear as bright blobs are shown in plate i1. These are
the molecules in which branch migration did not occur.
Plate i2 shows a similar example with slightly longer short
arms, but along with these images the HJs with easily recog-
nized arms of various lengths (plates i3 and i4) are found as
well. The images for the HJs without SSBs are shown in
Fig. 3 b. Similarly to HJs with very small short arms appear-
ing as bright blobs (plates j1 and j2), HJs with easily recog-
nized four arms appear (plates j3 and j4). Moreover,
morphologically, the HJs appearing in both samples are
very similar. Thus the data obtained reject the hypothesis
on blocking of branch migration by SSBs. At the same
time, however, the SSB can create a barrier against branch
migration. We tested this assumption by performing a quan-
titative analysis of the AFM data. According to our design,
HJs with long arm lengths < 318 bp should correspond to
the molecules in which the junction passed the SSB. AFM
experiments were repeated three times independently with
different sets of samples, and in each experiment the frac-
tion of SSB-containing HJs that migrated through the nick
was less than the fraction of intact HJs in control samples
(treated under the same experimental conditions) that
migrated beyond the corresponding position. The data
summarized in Table 1 suggest that the SSB does not blockspontaneous branch migration of HJ, but does create a
barrier to this process. To obtain additional information on
the effect of SSBs and characterize this effect at the
single-basepair level, we performed an analysis of branch
migration using smFRET.SmFRET studies—effect of SSB
on branch migration
The AFM data suggest that the HJ is capable of migrating
through the SSB, but the nick decreases the probability of
such an event. To characterize the branch migration process
at the basepair level, we analyzed time trajectories of the
FRET efficiency of fluorescently labeled HJ tethered to the
glass surface, in similarity to our previous works (11,21).
Fig. S1 in the Supporting Material explains the labeling
approach used for these experiments. In Fig. 4 a examples
of time trajectories of fluorescence intensities in donor and
acceptor channels for intact HJ and the junction with a nick
are shown. The FRET efficiencies calculated from these
data are shown in Fig. 4 b. The last panel (Fig. 4 c) shows
the donor-to-acceptor distances calculated using theBiophysical Journal 99(6) 1916–1924
TABLE 1 Comparison of the number of molecules that migrated at large distances exceeding the location of SSB in nicked HJ
1 2 3
Experiment Nicked Intact Nicked Intact Nicked Intact
Number of HJs migrated over SSB position/Total number of HJs 32 / 93 19 / 44 14 / 54 12 / 33 40 / 161 47 / 133
Percentage of HJs migrated at large distances 34 43 26 36 25 35
1920 Palets et al.approach described previously (11,21). Both intact and
nicked HJs demonstrate a stepwise pattern as described in
our previous works (11,12,21), undergoing sharp transitions
between the states with well-defined FRET values. In both
cases there are instances of long migration steps covering
several basepairs, up to the whole 5 bp homology region
(note the transitions marked with red arrows in Fig. 4 c).
This observation indicates that the SSBdoes not block branch
migration, and this conclusion is consistent with the AFM
results. At the same time, there are some differences in these
graphs. First, the intact HJ (left panel) demonstrates a rather
uniform migration pattern in which plateaus are observed at
all positions. Second, for the nicked HJ all plateaus appear
shorter than the plateaus for the intact HJ. Note specifically
very short residence times for large hops (e.g., between
10 bp and 20 bp; red arrows). Third, nicked HJ relatively
rarely resides at position 14 bp, which corresponds to the
SSB in the branch point, whereas in the case of intact HJFIGURE 4 Time trajectories of fluorescence intensities in donor (green
line) and acceptor (red line) channels (a) and their recalculations as
FRET efficiencies (b) and dye-to-dye distances in basepairs (c) obtained
from intact and nicked mobile HJs (left and right panel, respectively).
ATATA design, 10 mM MgCl2. The dashed line at 14 bp in panel c (right)
corresponds to the HJ configuration when the SSB is in its vertex.
Biophysical Journal 99(6) 1916–1924such plateaus are quite abundant (compare plateaus marked
with blue arrows in both time trajectories in Fig. 4 c). Fourth,
the junction with SSB undergoes a large number of transi-
tions, suggesting that nicked HJ is floppier compared to the
intact design, and this floppiness of conformational dynamics
may not be favorable for the branch migration process. To
characterize the conformational differences of both designs
over a series of experiments, we compared a few parameters
for the intact and nicked HJs.
Fig. 5 a shows the distribution of the FRET value plateaus
for both designs. The distribution (red histogram) is rather
symmetric for the intact HJ. At the same time, the distribu-
tion for HJ with SSB is very different. There is a clear shift
in the distribution pattern for the nicked HJ toward larger
FRET values, with a substantial decrease of the number of
plateaus in the middle of the homology region where the
nick is located. This shift indicates that the nicked HJ avoids
folding at the position of the nick, shifting the preference
toward the ends on the homology region.
We also calculated the residence times for folded con-
formations at each position within the homology region.
The data in Fig. 5 b show that the residence time decreases
for the junction with SSB, suggesting that the nick increases
the conformational mobility (floppiness) of the junction.
The normalized histogram for this set is shown in Fig. S2 a.
Note the drop of the residence time for the 14th position
that corresponds to the location of the SSB, suggesting
that the nick at the vertex of the junction has a strong effect
on the floppiness of the nicked HJ.
From the time trajectories we also calculated the branch
migration step size as a characteristic of the HJ dynamics.
This value is calculated from the measurements of the
hops on the time trajectories, as in Fig. 4 c. The distribution
of the hop sizes is shown in Fig. 5 c. Both histograms are
rather similar, with a maximum step size of ~2 bp. There
is some increase in the number of large hops for the intact
junction compared with the nicked one, but the difference
is not statistically significant.
Similar experiments were performed with the homolo-
gous sequence containing GC pairs only, for the GCGCG
design. As shown in Fig. S2, the pattern for this design is
essentially similar to the previous one, suggesting that the
sequence has little effect on the ability of the junction to
pass by the nick. However, larger residence times for the
GCGCG design indicate that the kinetics of the branch
migration through the GC-rich regions will be different.
Additional effects of the sequence on the dynamics and
branch migration of nicked HJs are discussed below.
FIGURE 5 Statistical parameters of branch migration in mobile HJs.
ATATA design, 10 mM MgCl2. Data were averaged over 25 molecules in
the case of intact HJs, and 29 in the case of nicked ones. (a) Normalized
histograms of FRET efficiency plateaus. Vertical dashed lines show the
range of FRET efficiencies corresponding to the donor-to-acceptor distance
of 14 bp (nick in the HJ’s center). (b) Residence times at different migration
steps. Error bars show the standard error. (c) Normalized distributions of
step sizes are in numbers of basepairs.
FIGURE 6 Examples of time trajectories of FRET efficiency obtained
on the intact (a) and nicked immobile HJs with the nick located at the
junction’s vertex (b) and shifted 1 bp (c), 2 bp (d), and 3 bp (e) from it
(the position of the nick is shown schematically on the right of each panel).
The imaging buffer contained 50 mM MgCl2.
Holliday Junctions with Nicks 1921Effect of SSB on the folding dynamics of the HJ
The results described above suggest that nicked HJs are
characterized by elevated conformational mobility com-
pared to intact HJs. It is well documented that the HJ adopts
two different folded conformations with antiparallel
arrangement of the arms, and divalent cations such as
Mg2þ stabilize these states (7,27). The HJ also transiently
adopts an unfolded square planar conformation, which is
required for branch migration (7,11). To study the possible
effects of SSB on the conformers switch, we designed a
number of immobile HJs with various positions of thenick, including an HJ with a nick at the vertex of the junc-
tion and 1, 2, and 3 bp away from this point (see Fig. 2).
The donor and acceptor dyes were placed at adjacent arms
of the HJ, enabling us to follow the conformational switch
(7,27) (see also Fig. S1).
Fig. 6 shows examples of FRET time trajectories obtained
for these HJs as well as for the fully paired HJ. The time
trajectory for the fully paired HJ (Fig. 6 a) has a two-step
pattern with values of ~0.3 and ~0.55 for the low and high
FRET, respectively. This pattern indicates that the junction
adopts two conformations corresponding to two different
orientations of the arms, as shown schematically in
Fig. S1 b. The state with high FRET has considerably longer
residence compared to the low-FRET state, suggesting that
the conformation of the junction with a short D–A distance
is more favorable compared to the state with an opposite
orientation of the arms (cf. Fig. S1 b). The time trajectory
for the HJ with the nick placed in the vertex is shown in
Fig. 6 b. This time trajectory has no jumps, suggesting
that there are no conformational transitions of the HJ. The
dynamics of the HJ with the nick 1 bp away from the vertex
(Fig. 6 c) is quite similar, indicating that the junction
remains in one conformation and does not show a conforma-
tional switch. Fig. 6 d shows the time trajectory for the HJ in
which the nick was 2 bp away from the vertex. This design is
capable of adopting another conformation, although the
low-FRET conformation is much less favorable. Thus, thisBiophysical Journal 99(6) 1916–1924
1922 Palets et al.design undergoes two-state dynamics, although the resi-
dence times for the low FRET values are considerably
shorter compared to those for the control (Fig. 6 a). The
results for the HJ with a nick 3 bp away from the junction
vertex are shown in Fig. 6 e. The two-state transitions are
clearly seen on this time trajectory, which is very similar
to the one for the control (cf. Fig. 6 a), suggesting that the
effect of the nick on the HJ two-state conformational
dynamics ends at distances more than 3 bp.
We performed an analysis of the FRET values corre-
sponding to the steps on the time trajectories for all HJ
designs, and the data are shown as histograms in Fig. 7.
The results for the fully paired HJ (control; Fig. 7 a) show
that the state with a FRET efficiency of ~0.57 is dominant
for the designed junction ~5 times of the conformer with
the efficiency ~0.3 (see Fig. S4 for the averaged residence
times of both conformers). A nick in the vertex position
(Fig. 7 b) completely eliminates the low-FRET conformer;
however, the FRET efficiency is shifted to the lower
FRET value (0.51), suggesting that the nick not only
changes the dynamics of the junction, but also changes the
conformation of the molecule to a geometry with a larger
D–A distance. The next design with the position of the
nick one more basepair away from the vertex (Fig. 7 c)FIGURE 7 Normalized histograms of FRET efficiencies obtained on the
intact (a) and nicked (b–e) immobile HJs. Time trajectories were smoothed
using the same algorithm that was used for plateau assignment in the
branch migration experiments. The imaging buffer contained 50 mM
MgCl2. The dashed line corresponds to the maximum FRET efficiency
histogram obtained on the intact immobile HJ in the absence of Mg2þ
(see Fig. S5). Numbers above the peaks show maximal values obtained
from the Gaussian fits.
Biophysical Journal 99(6) 1916–1924does not lead to the changes of the structure and dynamics
of the junction. However, a further shift of the nick position
leads to a gradual restoration of the initial structure and
dynamics of the HJ. The high-FRET part of the histogram
in Fig. 7 d is rather broad and can be approximated as a
sum of two peaks with maxima at 0.51 and 0.59, close to
those for the high-FRET peaks in Fig. 7, a and b. This
suggests that two high-FRET states coexist for this HJ
design. A further shift of the nick position (Fig. 7 e) leads
to dynamics of the HJ close to that for the fully paired
design; moreover, the population of the low-FRET con-
former increases—now the high-FRET conformer domi-
nates only ~1.8 times (see Fig. S4). Thus, the smFRET
experiments lead to the conclusion that the nick changes
the geometry and dynamics of the junction; however,
because the effect is rather local, the nick position at >3 bp
away from the junction vertex has no effect on the junction
conformational dynamics.DISCUSSION
The results obtained by AFM and smFRET show that the
SSB does not prevent HJ branch migration. Both methods
revealed the effect of the nick on the branch migration
process. According to the AFM data, a nick decreases the
migration efficiency. The smFRET studies were instru-
mental in characterizing the effect of the nick on the branch
migration process at the single-basepair level.
The FRET time trajectory data for mobile HJs are gener-
ally consistent with our model for the stepwise branch
migration process. In this model, the unfolded, open square
conformation is required for branch migration; the junction
adopts this conformation transiently along with folded
conformations that terminate the migration process. One
of the effects of the nick is that it increases the conforma-
tional dynamics of the junction. Direct measurements of
the dwell times of the time trajectories (Fig. 5 b and
Fig. S2 b) revealed a twofold decrease of the residence times
of the junction in folded states, pointing to the elevated
conformational dynamics of the nicked HJ. We suggest
that the elevated conformational dynamics of the nicked
HJ is not in favor of branch migration. Another effect of
the nick is the asymmetry of the time trajectories of the
nicked HJ compared to the intact HJ (Fig. 4 c). In the nicked
HJ the state corresponding to the shortest D–A distance
(10 bp) is occupied more often and for longer times than
those at another end of the homologous region, 20 bp
(Fig. 4 c). Note as well the longest residence time for posi-
tion 10 (Fig. 5 b). This is in contrast to the dynamics of the
intact HJ, in which the time trajectories are symmetric. Such
an asymmetry in which one of the terminal positions of the
homologous region has a notable preference is another
factor that impedes branch migration of the HJ.
Additional insights into the effects of the nick on HJ
dynamics are provided by the FRET study of immobile
Holliday Junctions with Nicks 1923junctions (Figs. 6 and 7). According to these data, the nick
changes the dynamics of transitions of the HJ between the
two conformers. Only one state is realized for the design
with the nick at the junction vertex. However, the effect
is rather short-range and limited by three basepairs. These
estimates are in line with the FRET studies of the mobile
HJ. Fig. S4 shows that the nick increases the HJ dynamics
at a distance 3 bp away from the junction point. Therefore,
hops at least as large as 3 bp from the nick position are
needed for the junction to escape the nick proximity and
continue a regular stepwise branch migration process. This
value is off the maximum of the distribution for the branch
migration step size, which is 2 bp (Fig. 5 c).
Fig. 6 b shows that the SSB at the junction vertex or 1 bp
away eliminates the folding dynamics of the immobile junc-
tion, holding the junction in the high-FRET state. This static
picture is in contrast to the high dynamics of a mobile junc-
tion undergoing branch migration (Fig. 4, b and c). How-
ever, the fact that two different labeling procedures were
used in these experiments must be taken into account. Adja-
cent DNA arms were labeled to follow the folding dynamics
of immobile HJs, and the labels were placed at continuous
exchanging arms in the branch migration experiments.
Therefore, the difference in the data obtained by the two
labeling procedures suggests that the dynamics of the HJ
is not limited to the folding process detectable by labeling
of the adjacent arms. This finding also suggests that the
junction adopts a more complex geometry than the coaxially
stacked X-structure. The model proposed in our recent work
(12) is a good starting point for further modeling of the HJ.
The FRET data for immobile junctions (Figs. 6 and 7) also
show that the SSB shifts the conformation of the high-FRET
folded state to a more open conformation (cf. histograms in
Fig. 7, a and b). Such a conformational change is in favor
of branch migration, and the results obtained with the nicked
homologous HJ (Fig. 4) are in line with this assumption.
Indeed, the time trajectory in Fig. 4 c shows that the junction
avoids folding when the SSB appears at the junctionvertex or
the junction folds and resides at this position a short time.
However, we cannot exclude the possibility that the shift of
the main peak in Fig. 7, b and c, is due to an increased
torsional mobility of the duplex around the nick, which
would decrease the FRET values. Also, the time trajectories
data for mobile AT-HJ (Fig. S3 a) revealed a strong effect of
the nick even at position 20. Surprisingly, the residence time
for folding of the nicked HJ at this position is very low. This
effect was not observed for theGC-HJ (Fig. S3 b), suggesting
that the effect of the nick on HJ branch migration and
dynamics is sequence-specific.
The results shown in Fig. 7 d corresponding to the loca-
tion of the SSB at 2 bp from the vertex are interesting.
The histogram at its high-FRET values reveals two peaks
with close but different positions of the maxima. The
appearance of the two maxima suggests that the junction
can fold into two different conformers with the close D–Adistance. One conformer corresponds to the folded confor-
mation of the fully paired junction, and another is found
for the junction with the nick in the vertex. Note that all
individual time trajectories for this sample demonstrate
two-state transitions as shown in Fig. 6 d. Therefore, the
junction with a nick at position 2 bp away from the vertex
can adopt two high-FRET conformations. The conformation
of the junction also depends on the local electrostatic inter-
action (28), and the DNA duplex conformation around the
nick is very close to B-form. We suggest that the selection
between the two closely separated conformers is defined
by a local and transient change of ionic conditions. The
results of the high dynamics of the HJ with a nick are consis-
tent with the analysis of the effect of SSB on the structure of
the DNA duplex (29-31). They show that the SSB has a
minor influence on the conformation of the DNA duplex,
but affects the duplex dynamics by increasing the flexibility
in the proximity of the SSB.
Our findings regarding the ability of the HJ to bypass the
SSB have an important biological significance. The results
suggest that during homologous recombination and other
processes that involve HJ branch migration, the HJ passes
by the nick, so after branch migration these lesions are trans-
ferred to the recombination products. Therefore, the repair
of SSBs occurs after completion of the strand exchange. It
is instructive to compare our findings with the requirements
for efficient cleavage of the junctions by HJ-resolving
enzymes. The nicked HJ is a transient state for these reac-
tions; the efficient reaction requires a strong affinity of the
enzyme to the substrate that can be provided by the confor-
mational changes induced by the nick. Recently published
crystallographic data for several complexes of HJs with
these enzymes reveal the need for larger angles between
the arms of HJs (32,33). In addition, the junction flexibility
is a factor that further improves the cleavage process
executed by the resolvases (34). These critical requirements
are in line with our findings.SUPPORTING MATERIAL
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